Abstract: This paper reports the leaching of seafloor massive sulphides (SMS) from the Loki's Castle area at the Arctic Mid-Ocean Ridge in sulphuric acid with manganese dioxide and sodium chloride. The results presented are of various leaching experiments conducted under different conditions in order to optimise the dissolution of copper and silver. It was shown that the main copper bearing minerals in the SMS were chalcopyrite and isocubanite, while silver could occur as an admixture in the crystallographic lattice of sulphides or as disseminated micro inclusions. Based on the results, the leaching mechanism was discussed and elucidated. It was shown that the dissolution of the SMS was mainly due to galvanic interactions between the primary marine minerals of SMS and manganese dioxide. Addition of sodium chloride promoted the extraction mechanism.
Methods
Leaching tests were carried out in aqueous solutions of sulphuric acid (H2SO4) as the primary lixiviant and additives, such as manganese dioxide (MnO2) and sodium chloride (NaCl). A known mass of a feed (2.15 ± 0.05 g), together with 70 cm 3 of specific concentration of acid and additives, were added to 100 cm 3 reaction flasks. The flasks were then placed in the Carousel 6 Plus reaction station from Radley's Innovation Technology and heated to the target temperature under reflux. Mechanical agitation was set at 300 rpm.
Leaching was conducted for 24 h at the following parameters: Temperatures (30-80 °C), acid concentrations (0-1.5 M), MnO2 (0-19.5 g/dm 3 ) and NaCl (0-1 M) dosages. Solution aliquots were collected periodically and analysed using inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer, Waltham, MA, USA). Final leaching residues were dried and analysed using XRF (Thermo Scientific™, Waltham, MA, USA).
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Results and Discussion
Effect of Manganese Dioxide and Sodium Chloride Addition
Dissolution of the economically significant metals, copper (X Cu ) and silver (X Ag ), from the seafloor massive sulphides (SMS) was investigated in 1 M H 2 SO 4 , with different dosages of MnO 2 and NaCl at 80 • C. No extraction of either metals in the aqueous H 2 SO 4 solution was observed in the absence of MnO 2 , either with or without NaCl (Figures 2 and 3 ). This means that the oxidation of the copper and silver species did not happen.
processing to show the process selectivity and kinetics [38] . As seen from Figure 4 , in the absence of NaCl, the curve has a parabolic shape, which means that there was no simultaneous leaching of the copper and silver phases. Dissolution of the copper was very fast, while leaching of the silver was very slow. Silver started to dissolve slightly when most of the copper was leached out. It might indicate that the silver was finely disseminated in the sulphides and that their initial leaching was beneficial in exposing the silver phase. Sulphides are less noble than silver and dissolve first. Copper and silver only started to dissolve in the presence of MnO 2 . The leaching rate of chalcopyrite and isocubanite, the copper-bearing minerals present in the SMS sample, increased with the addition of MnO 2 . Initially, rapid leaching kinetics were achieved, exhibiting rapid extraction of copper ( Figure 2) . The results also indicate that the ultimate dissolution (i.e., extracted fraction X after 24 h) of copper increased from ca. 60%, with 6.5 g/dm 3 MnO 2 , to ca. 80%, with 13 g/dm 3 MnO 2 . Higher dosage of MnO 2 only slightly enhanced copper extraction. In the case of silver, the leaching kinetics were linear and very slow, and only 35% of the silver was extracted, with 19.5 g/dm 3 of MnO 2 , after 24 h. The kinetics curves indicate that a longer leaching time would facilitate the dissolution of the copper and silver (Figure 2 ).
In the given SMS sample, solubilisation of the sulphide minerals in the H 2 SO 4 solution, with MnO 2 , can be explained by galvanic interactions between the copper and silver phases and the MnO 2 [2] [3] [4] . Chalcopyrite and, most probably, isocubanite (no available data in the literature) have lower rest potentials than MnO 2 and could act as a cathode against the anodic MnO 2 forming a galvanic couple. Under galvanic contact, the rate of corrosion of the mineral-MnO 2 is much higher than their individual self-corrosion rates [3, 16] . When chloride ions were used, instantaneous dissolution of the silver and copper at the initial stage of the process can be observed. Then, the leaching kinetics of the silver slowed down, while the copper continued. A similar dependency was observed for all dosages of manganese dioxide, but for the clarity of the figures, the data were not plotted.
Initial fast dissolution of copper and, especially, silver may be due to the formation of highly oxidizing chlorine, which could have oxidized the copper sulphides faster when compared to galvanic oxidation, primarily due to the Mn(IV)|Mn(II) couple in the chloride-free system. The oxidized species of copper and silver may have competed with the available chlorine, as well as free chloride. Silver dissolution in the aqueous solution may have been restricted by the available chlorine and limited solubility of the silver chloride complexes. On the other hand, continued leaching of the copper may be a result of: Moreover, the rest potential of the mixed mineral matrices consisting of chalcopyrite and cubanite, a mineral with the same composition as isocubanite but different structure, as well as sphalerite and chalcopyrite, are lower than that of chalcopyrite alone [17] . With the copper phases composed predominantly of isocubanite/chalcopyrite and sphalerite/chalcopyrite intergrowths, this encouraged the relatively fast initial dissolution of copper, via the reduction of the primary oxidant MnO 2 in the cathodic half-cell reaction:
Oxidative dissolution of chalcopyrite is electrochemical in nature, and follows the principle of corrosion where it corrodes anodically [3] :
The same electrochemical mechanism is proposed for isocubanite:
Under investigated conditions, zinc dissolved rapidly and, for the clarity of this paper, the extraction data and leaching mechanism for zinc are not shown here.
The identified galvanic reactions indicate that the leaching in the H 2 SO 4 -MnO 2 media resulted in the reduction of manganese(IV) to manganese(II), via electron transfer from the anodic corrosion of sulphide minerals [3] . Ferrous (Fe 2+ ) ions could be oxidized to ferric (Fe 3+ ) ions by manganese dioxide forming ferric sulphate in aqueous H 2 SO 4 solution:
Electrochemical oxidation of the chalcopyrite by ferric ions has been demonstrated [18] [19] [20] [21] , and can be simplified in the anodic reaction:
and described as [18, 22] : 
In reaction (6) , it has been generally understood that sulphates (cupric and ferrous) may form at the expense of the elemental sulphur; however, the presence of the resulting ferrous sulphate may retard the chalcopyrite oxidation with ferric ions [19] . This ferric-ferrous couple of reaction (5) could act as the secondary oxidant, which may also oxidize isocubanite following the same mechanism as chalcopyrite in the proposed reaction:
Due to limited mass of the sample for leaching tests, XRD analyses of the residues could not be obtained, however, the XRF data showed an increased sulphur concentration that may be due to the formation of elemental sulphur during leaching under the investigated conditions. Some sulphur could also be further oxidized to sulphate ions in the presence of the oxidants in the acidic medium.
The non-linear shapes of the dissolution curves for copper ( Figure 2 ) suggests the formation of a passivation layer on the chalcopyrite/isocubanite surfaces during leaching. Many studies have been undertaken to establish the type and structure of the passivation layer on the chalcopyrite surface. It was shown that the dissolution of chalcopyrite depended on the oxidation rate from the sulphide to elemental sulphur reaction [23] [24] [25] [26] .
Manganese dioxide can also act as the oxidizing agent for silver, although the results showed that leaching in the sulphate media was very slow and inefficient. This was consistent with the data presented by Jiang et al. [27] . Due to the relatively low concentration of silver in the sample, the silver phase was not detected by XRD, and we assume that it could occur as an admixture in the crystallographic lattice of the sulphides. Thus, the presence of manganese dioxide might cause the dissolution of silver according to the simplified reaction:
The results show that the leaching performance of silver and copper was strongly affected by the dosage of MnO 2 , while the addition of sodium chloride only influenced the dissolution rate of silver (Figures 2 and 3 ). As seen, in the absence of chloride ions and at low dosages of manganese dioxide (6.5 g/dm 3 ), the extraction of silver was negligible.
The addition of chloride ions, together with manganese dioxide, accelerated the process kinetics and increased the ultimate dissolution of silver by ca. 30%, with 6.5-13 g/dm 3 MnO 2 ( Figure 3) . Extraction of silver, with 13 g/dm 3 MnO 2, after 24 h was 53%. The effect was less pronounced at higher dosages of manganese dioxide (19.5 g/dm 3 ), which was probably due to the limited solubility of the silver complexes.
A relatively fast silver dissolution rate was primarily attributed to the potential formation of dissolved chlorine gas in the reaction of MnO 2 and NaCl in the acidic solution:
However, no gas formation was noted during leaching, i.e., any formed chlorine may have been readily utilized in the redox reactions.
Silver can be leached out as chloride complexes of Ag(I):
Free chloride ions could redissolve the formed silver chloride precipitates due to the progressive formation of chloro-complexes of silver [AgCl n ] 1−n , with a higher stability [24, 28, 29] . The proportion of complex ions depends on the concentration of chloride ions in the solution, and at 1 M NaCl the concentration of insoluble AgCl is very low [30] . Copper was also effectively dissolved during leaching with sodium chloride, however, the results showed that the addition of chloride ions did not effectively increase the dissolution rate in comparison to leaching without NaCl (Figures 2 and 3) . The influence of sodium chloride during the sulphuric leaching of the chalcopyrite is still under debate. The rate of the chalcopyrite dissolution in the presence of sodium chloride depends on many parameters, including the mineral origin, grain size, impurities, and stoichiometry [5] . To date, no paper has been published on the dissolution of isocubanite, which is the major copper-bearing mineral in the investigated sample. During the leaching of seafloor massive sulphides, chlorine gas could dissolve the chalcopyrite and isocubanite according to the reactions: 2CuFeS 2 +5Cl 2 → 2CuCl 2 + 2FeCl 3 + 4S
• (11) CuFe 2 S 3 +4Cl 2 → CuCl 2 + 2FeCl 3 + 3S
• (12) Leaching in the mixed sulphate-chloride media yielded mixed chloro-aquo copper complexes (green colour of the leach solution, [31] ), elemental sulphur, which was proved by Parker et al. [32] , and an increased content in the residue, as well as oxidation of ferrous to ferric ions. Dissolution of the chalcopyrite in ferric chloride can be represented as follows [33] :
while for isocubanite oxidation the proposed reaction is:
Oxidative dissolution of the chalcopyrite [34, 35] and isocubanite in the presence of cupric chloride was also possible according to reactions:
CuFe 2 S 3 + 5Cu 2+ → 6Cu + + 2Fe 2+ + 3S
•
The potential formation of cupric chloride may allow the existence of the Cu(II)|Cu(I) couple, acting as the oxidant in reactions (15) and (16) . The presence of chlorides stabilized the Cu(I) species in the solution [31] . Resulting cuprous chloride complexes have a higher stability than cupric chloride complexes [36] , hence, cupric ions tend to undergo reduction.
Al-Harahsheh et al. [37] reported the synergistic effect of ferric chloride and the resulting formation of cupric chloride in chalcopyrite leaching, noting that the latter is a stronger oxidant than the former. Moreover, agitation could sweep away the cupric chloride complexes formed. Unlike under stagnant conditions, cupric chloride complexes accumulate at the reaction interface, causing enhanced dissolution of copper.
The data from Figure 2 , for 13 g/dm 3 MnO 2 , were replotted to show the influence of the addition of chloride ions on the relationship between the dissolution of copper and silver. This type of curve is very helpful for the assessment of any separation results and has been used in mineral processing to show the process selectivity and kinetics [38] . As seen from Figure 4 , in the absence of NaCl, the curve has a parabolic shape, which means that there was no simultaneous leaching of the copper and silver phases. Dissolution of the copper was very fast, while leaching of the silver was very slow. Silver started to dissolve slightly when most of the copper was leached out. It might indicate that the silver was finely disseminated in the sulphides and that their initial leaching was beneficial in exposing the silver phase. Sulphides are less noble than silver and dissolve first.
the Table 1 . For leaching in the absence of NaCl, the constant, a1, was equal to zero in water and 6.5 mg/dm 3 of MnO2, indicating that only copper was extracted. The values of a1 and a2 increased with the manganese dioxide dosage, which resulted in a higher extraction of silver. When chloride ions were used, instantaneous dissolution of the silver and copper at the initial stage of the process can be observed. Then, the leaching kinetics of the silver slowed down, while the copper continued. A similar dependency was observed for all dosages of manganese dioxide, but for the clarity of the figures, the data were not plotted.
Initial fast dissolution of copper and, especially, silver may be due to the formation of highly oxidizing chlorine, which could have oxidized the copper sulphides faster when compared to galvanic oxidation, primarily due to the Mn(IV)|Mn(II) couple in the chloride-free system. The oxidized species of copper and silver may have competed with the available chlorine, as well as free chloride. Silver dissolution in the aqueous solution may have been restricted by the available chlorine and limited solubility of the silver chloride complexes. On the other hand, continued leaching of the copper may be a result of: (i) Primary galvanic interactions between the chalcopyrite, isocubanite, and manganese oxide, or (ii) Synergistic effects of both the ferric chloride and cupric chloride leaching.
As indicated, the shape of the X Ag vs. X Cu curve (Figure 4 ) depends on the presence of chloride ions, therefore, two different mathematical equations were derived for the best approximation of the experimental points. The empirical formulae, obtained by using a nonlinear least-squares regression for one-adjustable parameter a, are:
(i) For sulphate media leaching without NaCl
(ii) For sulphate media leaching with 1 M NaCl
where a 1 and a 2 are the empirical constants for leaching in the absence and presence of chloride ions, respectively. The constants, a 1 and a 2 , were calculated using the Sigma Plot software package. The constants assume values at different ranges, but both start from 0 for the dissolution of copper only, and increases when the dissolution of silver also increases. Thus, the higher the value of a 1 and a 2 , the faster the dissolution of silver, and the slower the extraction rate of the copper. For simultaneous leaching of the copper and silver phases, the constant, a 1 , is equal to 1. The calculated values of the empirical constants, a 1 and a 2 , for leaching tests, with different dosages of MnO 2 , are collected in Table 1 . For leaching in the absence of NaCl, the constant, a 1 , was equal to zero in water and 6.5 mg/dm 3 of MnO 2 , indicating that only copper was extracted. The values of a 1 and a 2 increased with the manganese dioxide dosage, which resulted in a higher extraction of silver. Table 1 . Calculated values of the empirical constants a 1 (Equation (17)) and a 2 (Equation (18) 
Effect of Acid Concentration
A series of experiments were performed to evaluate the effects of sulphuric acid concentration on the dissolution of copper and silver. The acid concentration varied from 0 to 1.5 M, while other conditions were kept constant (80 • C, with 1 M NaCl and 13 g/dm 3 MnO 2 ). As seen from Figure 5 , there was no dissolution of the copper and silver in water. The leaching rates of copper and silver increased with an increase in the sulphuric acid concentration. The low concentrations of H 2 SO 4 were not effective for copper and silver dissolution. Extraction of the copper and silver was significant at acid concentrations higher than 0.5 M, and further increases in the acid concentration only slightly improved the extraction of silver and copper. This indicates that hydrogen ions were involved in the leaching process and that the dissolution rates of copper and silver phases depended on the hydrogen ion strength, which had created more oxidizing conditions potentially favouring the proposed galvanic reactions. Table 1 . Calculated values of the empirical constants a1 (Equation (17)) and a2 (Equation (18) 
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Effect of Temperature
Temperature has a pronounced effect on the dissolution of metals from sulphides in the presence of sulphuric acid. The effect of temperature was studied in 1 M H2SO4, 1 M NaCl, 13.5 g/dm 3 MnO2 over the range 30-80 °C. The results are shown in Figures 6 and 7 . As seen, the extraction of copper and silver was very low at 30 °C. At low temperatures, the dissolution of 
Temperature has a pronounced effect on the dissolution of metals from sulphides in the presence of sulphuric acid. The effect of temperature was studied in 1 M H 2 SO 4 , 1 M NaCl, 13.5 g/dm 3 MnO 2 over the range 30-80 • C. The results are shown in Figures 6 and 7 . As seen, the extraction of copper and silver was very low at 30 • C. At low temperatures, the dissolution of chalcopyrite, and, thus, isocubanite, was prevented by the formation of passivation species on the surface [25] . Dutrizac and MacDonald [5] observed that, in the acidified ferric sulphate solution, the presence of NaCl accelerated the dissolution of chalcopyrite at temperatures above 50 • C. However, at lower temperatures, it may have an inhibiting effect. Furthermore, an increase in temperature could have favoured the forward reaction of the galvanic systems (both primary and secondary oxidation reactions) that resulted in an accelerated dissolution of both metals. After 24 h, the dissolution of copper and silver increased from 20 to 82% and from 10 to 53%, respectively, as temperature increased from 30 to 80 • C. Such results emphasize the dependence of the copper and silver dissolution from the SMS on temperature under the investigated conditions. could have favoured the forward reaction of the galvanic systems (both primary and secondary oxidation reactions) that resulted in an accelerated dissolution of both metals. After 24 h, the dissolution of copper and silver increased from 20 to 82% and from 10 to 53%, respectively, as temperature increased from 30 to 80 °C. Such results emphasize the dependence of the copper and silver dissolution from the SMS on temperature under the investigated conditions.
(a) (b) Figure 6 . Effect of temperature on the dissolution of copper (a) and silver (b) (1 M H2SO4, 1 M NaCl, 13.5 g/dm 3 MnO2, 30 g/dm 3 SMS, 300 rpm). Temperature dependence can be used to estimate the apparent activation energy for the dissolution of copper and silver phases, and, thus, to determine the dominant leaching mechanism Temperature dependence can be used to estimate the apparent activation energy for the dissolution of copper and silver phases, and, thus, to determine the dominant leaching mechanism under the investigated conditions. The activation energy can be derived from the relationship between the dissolution kinetic rate constant and the temperature (Arrhenius plot). Several models have been developed to describe the leaching kinetics and among them the Elovich equation was found to successfully describe the dissolution kinetics of copper and silver from the investigated SMS sample. The Elovich equation is expressed as [39] [40] [41] :
where X M is the extracted fraction (dissolution) of the metal and t is the leaching time. The constant, k, represents the initial kinetic rate (h −1 ), while β is a measure of resistive forces that slows down the dissolution rate from an initial value to its maximum at X M = 1 [40] . When integrated, with respect to time, Equation (19) has the form:
(a) (b) Figure 6 . Effect of temperature on the dissolution of copper (a) and silver (b) (1 M H2SO4, 1 M NaCl, 13.5 g/dm 3 MnO2, 30 g/dm 3 SMS, 300 rpm). Temperature dependence can be used to estimate the apparent activation energy for the dissolution of copper and silver phases, and, thus, to determine the dominant leaching mechanism under the investigated conditions. The activation energy can be derived from the relationship between the dissolution kinetic rate constant and the temperature (Arrhenius plot). Several models have been developed to describe the leaching kinetics and among them the Elovich equation was found to successfully describe the dissolution kinetics of copper and silver from the investigated SMS sample. The Elovich equation is expressed as [39] [40] [41] : where XM is the extracted fraction (dissolution) of the metal and t is the leaching time. The constant, k, represents the initial kinetic rate (h −1 ), while β is a measure of resistive forces that slows down the dissolution rate from an initial value to its maximum at XM = 1 [40] . When integrated, with respect to time, Equation (19) has the form: Figure 6 shows that the experimental points fitted well to the Elovich equation. The empirical constants, k and β, were calculated using the Sigma Plot software package. For all tests, the lowest value of the determination coefficient was 0.97, while the error in the dissolution kinetics of copper and silver was obtained with the 95% confidence interval. As seen from Figure 8 , there was a good correlation between the experimental and calculated values of copper and silver dissolution at different temperatures. It confirms the suitability of the Elovich equation for the description of sulphuric acid leaching of copper and silver phases from the SMS under the investigated conditions.
The Arrhenius equation, used to calculate the apparent activation energy, Ea (J•mol −1 ), of the copper and silver phases' leaching, has the form:
where A is the pre-exponential factor, R is the universal gas constant (8.314 J•mol −1 •K −1 ), and T is the absolute temperature (K). The values of ln k were plotted against 1000/T, that is the Arrhenius plot shown in Figure 9 , and the apparent activation energies were found to be 91 J•mol −1 , with R 2 = 0.97 for copper and 101 J•mol −1 , with R 2 = 0.84 for silver. The relatively high values of the apparent activation energies suggests that electrochemical reactions were mainly responsible for the dissolution of copper [42] and silver from the seafloor massive sulphides during sulphuric acid leaching in the presence of manganese dioxide and sodium chloride. The Arrhenius equation, used to calculate the apparent activation energy, E a (J·mol −1 ), of the copper and silver phases' leaching, has the form:
where A is the pre-exponential factor, R is the universal gas constant (8.314 J·mol −1 ·K −1 ), and T is the absolute temperature (K). The values of ln k were plotted against 1000/T, that is the Arrhenius plot shown in Figure 9 , and the apparent activation energies were found to be 91 J·mol −1 , with R 2 = 0.97 for copper and 101 J·mol −1 , with R 2 = 0.84 for silver. 
Conclusions
It was shown that the dissolution of the SMS was mainly due to galvanic interactions between the primary marine minerals of the SMS and manganese dioxide. The results clearly indicate that deep-sea manganese nodules could be used as an oxidant for the leaching of seafloor massive sulphides from the Loki's Castle area at the Artic Mid-Ocean Ridge. For such a system, no artificial introduction of either air or oxygen is needed. Addition of chloride ions also had a positive effect on the leaching rate and efficiency of copper and silver. Due to the reduced accessibility of freshwater in some countries and the high costs of hydrochloric acid, the mixed sulphate-chloride systems offer the possibility of economical leaching, particularly where seawater is easily available. The relatively high values of the apparent activation energies suggests that electrochemical reactions were mainly responsible for the dissolution of copper [42] and silver from the seafloor massive sulphides during sulphuric acid leaching in the presence of manganese dioxide and sodium chloride.
